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A FLIGET AND ANAI.OG COMPUTER STUDY OF SOME STABILIZATION
AND COMMAND NETWORKS FOR AN AUTOMATICALLY CONTROLLED
INTERCEFTOR DURING THE FINAL ATTACK FHASE

By Howard L. Turner, William C. Triplett,
and John S. White

SUMMARY

Studies of the final attack phase of an automatically controlled
interceptor were conducted in flight and on electronic slmulators to
investigate various airplane command and stegbilization networks and to
develop simple but adequate simulation techniques for the synthesis of
automatic control systems. A low-speed airplane equipped with an optical
redar simulator was used as the test wvehicle in flight tests at one alr-
speed and one sltitude and in various pure pursuit atteck situations. A
number of Interesting results were found for the various airplane command
and stabilization networks studied but the extent to which these can be
applied to the synthesis of high-performance systems will depend .on the
individual situation.

Of the various automatic control systems investigated, the one which
gave the most favorable compromise tracking performance for a variety of
test maneuvers was essentially a rate stabillzation system (pitch rate
in elevation, and roll and yaw rates in azimuth). OFf possible general
interest was the incorporation of integrating networks in azimmth and
elevation (to eradicate bias errors in turning maneuvers) and a ronlinear
gain in azimuth (to permit stable but rapid reduction of both large and
small azimuth errors). An automstic rudder turn coordinstion network was
used successfully 1In s8l1 flight tests to maintain sideslip angles near
Zero.

The selection and modification of the various loops for this final
system were based, in a large part, on the results of analog-computer
studies. Subsequent flight tests verified the adequacy of the simula-
tion procedures employed.

With this selected automatic control system, tracking of alrborne
targets was generally smoother and more precise than corresponding
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manually controlled tracking. In steady straight tail-chase runs, K for
example, the standard deviations of the gun-line wander in azimuth and
elevation under automatic control were about one mil end, under manual
control, gbout two mils. Somewhat larger errors were experlenced in
transient flight conditions under automatlc control than under marmual
control; however, they were not considered excessive.

The average radial standard deviation of the tracking—line wander
of the opticael radar simulator was less than one mil. The excellent
tracking performence with this menually operated optical sighting device
may be of interest in comnection with the design of director—type fire—
control systems.

INTRODUCTION

The difficulty of intercepting modern bomber aircrafit has led to
an Increased Interest in the use of automatic control equipment to
improve the interceptor guidence during the final attack run and to free
the pilot for the more important monitoring and judgment functions. In
general, these interceptor automatic control systems are composed of
three basic elements: &a target detector which establishes the target
locatlon and motions with respect to the interceptor; computer elements
which recelve date such ss target locatliomn, target reletive motion, bal—
listic informetion, etc., and which furnish tracking commands to the
airplane and/or the target detector; and an automatically stabilized
airplane which receives meneuvering commands from the computer elements.
Interceptor response and target motions form outer kinematic loops whlch
establish the inputs to the target detector. .

Such sutomatlic laterceptor control systems are complex and thelr
performance, as indicated by the probability of kill, is influenced by
meny variebles such as tactics, armament characteristics, radar noise,
computer dynamics, interceptor aerodynamic snd mass-distribution charac-
teristics, etc. This makes it difficult to produce research results of
general usefulness to designers. The present research progrsm ls
restricted to one problem of general interest, the design of automatic
command and stabilization systems capable of producing fast accurate
interceptor response to tracking error signals. Much analytical work
has been done on various aspects of the final attack phase of the
automatic-lnterception problem, as indilcated by references 1 to 5. These
studles were generally limited to analytical investigations of the sta-
bilization and command-system response characteristics or of the tracking
performance in simple two-dimensional tracking problems. While such
gtudies provide necessary lnformation, 1t was felt that the present study
should be extended to include, within the limitations of available egqulp-
ment, analytical and flight investigations of the tracking performance of
an interceptor in a variety of three-dimensional attack situatlons.
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A low-speed, servo-equipped, two-place ailrplane was aveilable for
the flight-test phase of this investigation. To eliminate the complica-
tions of an airborne self-tracking farget detector, a menuslly opersted
opticel device was used to simulate a noise-free, lag-free, tracking
radar. The tests were conducted at one alrspeed and one altitude with
pure pursuit tracking (no ballistic lead). Tracking inaccuracies, as
measured by the angles between a fuselage reference line (gun line) and
the line of sight during various stbtack maneuvers against alrborne tar-
gets, were used as a basis for comparing the various command snd stabili-
zation systems. A high-speed electronic simulator and a Reeves Electronic
Analog Computer were avalilable for the corresponding system analysis and
synthesis studies.

It 1s difficult to draw generalizations from this single investiga-
tion of a simplified system in & low-performance sirplane., However,
this investigation illustrates a technique of combined flight snd simu-
lator studies which, when applied to more complex systems in higher-
performance airplanes, can lead to well-verified generalizations and
design procedures. It was believed that the results of this study might
serve as a guide to the initial Belection of promising stebilization and
" command systems, and that the concurrent flight-simulator technique would
facilitate development of relatively simple but adequate methods of repre-
senting the complex systems and problems on electronic simulstors. This
would permit rational extension of the present analysis to include such
complications as radar noise and sttack computers end to consider more
modern airplanes and other system components of higher performance.

NOTATION
Ag normal acceleration, g
H horizontal displacement (azimuth) of target from interceptor
at t=0, Tt
K galn constant
Ky integrating net;ork gain
R range, £t
v velocity, ft/sec
g acceleration due to gravity, 32.2 ft/sec2

horizontal displacement (azimuth) of interceptor at +

seconds, ft ,

P " rolling velocity, radians/sec {output of roll rate gyro in
airplane coordinates)

GNP
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pltching velocity, radians/sec (output of pitch rate gyro
in airplane coordinates)

yawing velocity, radians/sec (output of yaw rate gyro in
airplane coordinstes)

Laplace operator, gf

time, sec

voltage Co : - i
angle of attack, deg o - i —
rate of change of angle of attack, radians/sec

sideslip angle, deg

rate of change of flight path (¥ = q — &), radians/sec

total alleron deflection, deg
rate of change of alleron deflection, deg/sec

elevator deflection, deg . . .,_4{
rate of change of elevator deflection, deg/sec

rudder deflection, deg

rate of change of rudder deflection, deg/sec

pitch angle (from horizontal), deg (space coordinates)

pitching velocity, radians/sec (space coordinates)

standard deviation gun—line wander, mills

roll angle, deg

yaw angle, deg (space coordinates)

yawing velocity, radians/sec (space coordinates)
gun—line error, mils

inclination of gun line from fuselage datum line
SRR
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A radar similator tracking—line error, mils

sighting error, mils

Target

Sight tracking line

Gun line
interceptor ke e
P intercepior Ttuseiage
datum line
Sketch (a)
Subscripts
¥ azimith component in space coordinates
e elevation component in space coordinates
i input
o initial conditions at +=0, sec .
€ error
e elevation component in alrplane coordinates
a azimuth component in alrplane coordinates

CMEPTRR AT



6 Y NACA RM ASLJ1L

EQUIPMENT

Interceptor

The test vehlcle used as an interceptor in this investigation was
a single—engined, propeller—driver, two—place SB2C—5 Navy dive bomber
modified to accommodate & menually operated optical redar simulator and
equipped with electrically actuated hydraulic servos on all control sur—
faces. TFigure 1 is a photograph of this airplane in flight. Detailled
descriptions of the sirpleme and the servo equipment are given in
references 6 to 8. T

Radsr Simulator

A nolse—free lag—free radar wes simulated by a manuelly operated,
periscopic, sighting station which had been designed for the remote
control of aircraft gun turrets.  This sighting station was modified
by changing the elevation gearing (degree rotation of hand control per
degree line of sight) from 1:1 to 2.25:1 and by the addition of viscous
damping in szimuth and elevatlon t8 improve the sighg tracking charac—
terlstics. The azlmuth gearing, 1~ controller for 1 line of sight, was
not modified. In operation, this device was manually controlled to keep
the sight tracking line directed at the intersection of the horizontal
and vertical tails of the target alrplane. Plck—offs provided electrlical
signals to the automatic contrel system that were proportional to the
azimith and elevation angles of the sight tracking line with respect to
the gun line of the interceptor, in interceptor body azxes.

As shown In flgure 1, this sighting station was located above and
bebind the front cockpit to provide the sight operator with an unob—
structed field of view. The optlcal axis of the radar simulator, in
its neutral position, was parallel to the optical axis of the Mark 8
Mod 5 gun sight In the front cockpit. This gun—sight axis represented
the gun line of the interceptor. The sight axes were inclined 50 nose
up with respect to the fuselege datum line, primarily to avoid the wake
of the target airplene. TFigure 2 is & photograph of the radar simulator.

Flight Instrumentation

Time histories of pertinent motlons of the interceptor and of the
control surfaces and selected voltages in the automatic conirol system
were recorded in flight on en 18-channel Consolidated oscillograrph.

Two 16~mm GSAP cemeras were used to photograph the target airplane, one
along the exis of the interceptor gun line (through the Mark 8 Mod 5

1
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gun sight), and one along the sight tracking line (through the radar
similator). Identification pips for each frame were recorded on the
osclillograph to permit a time correlation of all recorded data. Statis—
tlcal data for determining the tracking performance of the interceptor
were obtained from analysis of the 16—mm film. Dilagrams of the pictures
obteined from the 16—mm GSAP cameras are shown in figure 3.

TESTS, RESULTS, AND DISCUSSION

As an aid 1n assessing the significance of the tests and results
of this invebtigation, let us first compere briefly & representative
eutomatic control system with the simplified automatic control system
studied in this investigation. A simplified block dlagram of one
channel of & representative director—type automatic interceptor control
system is given in figure 4(a). The target position and motions, with
respect to the interceptor, are determined by an eautomatic tracklng radar.
Assoclated electric signals, along with other input quantities, are then
fed to an attack computer which calculates and compares desired and actual
angles between line of sight and the interceptor axes for some selected
type of attack course (such as lead pursuit, constant bearing, etc.}.
Signals proportional to these anguler differences, which represent air—
plane tracking errors, are fed as commends to the stebilized airplane.

For the present Investigation, it was desirable to simplify this
typlical automatic control system in order to facilitate study of the
gross effects of changes in the major components on the over—all track—
ing performence. The simpliflication employed 1ls demonstrated by the
basic block dlaegram of one channel of the automatic control system In
figure 4(b). The manuslly operated optical device was assumed to track
the target with negliglble noise or other error so that its output rep—
resents the angle between the 1line of sight and the interceptor gun
line, used as a measure of the interceptor tracking error; these slgnsls
are fed directly to the appropriaste control channel of the stabilized air—
plane as command signals. As can be readlly seen, the stabilization loops
are similasr in both cases, but the simplified SB2C—5 system neglects the
dynamics of the radar and computers. In order to minimize the importance
of these differences In the present study, airplane tracking performance
has been investigated for a variety of target and Interceptor conditions
and target maneuvers, which approximate kilnematic and interceptor suto—
matic control problems common to all such systems. Thus, despite the
simplification shown in figure 4(b), the results may serve as a guide in
The synthesis of the more complicated automatlic control systems as repre—
sented by figure 4(e).

The tests and results of thls investigation will be discussed in the
following sections in the order indicated below: (a) development of
suitable stabilization and turn coordination networks and preliminary
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tracking with a simple error—signal commend system; (b) use of analog
computers to deslgn signal modifiers to improve the performance of this
simple command system; and (c) evaluation of the tracking performance
with the automatlic control system developed from the combined analog—
computer and flight studies.

Automatic Control With a Simple Command System

In this first phase of the investigation, it was expedient to employ
a simple error—signal command system, as exemplified by figure 4(b), to
facillitate the examinaetion of the gross effects of various stabilization
and turn coordination networks on the tracking performance of an auto—
matically controlled interceptor. As discussed in detail below, the
various networks were examlned briefly on a limited—capacity high—speed
electronic simulator to determine the galn levels requlred for Fflight
and the stable reglons of parameter adjustment. PFlight tests were then
conducted and the network gains were adjusted to give optimum response.
Flight tracking studles were then conducted, using the simple command
system and the optimum stabllization and turn coordination network gains,
to determine the feasibllity of tracking with such a simplified automatic
control system. '

velopme of stabilizati coordinatic two
first step in the present investigation was to determine suitable stabilli-—
zation end turn coordination networks. To facilitate the selection of
deslirable feedback signals snd the corresponding gain levels, a high—speed
electronlc simulator was used. A block diagram of the sutomatic control
system, as studied on the simulator, is shown in figure 5 (brief tests of
the gyros used In the flight tests Indicated that their dynamic effects
could be neglected In this simulation). The response characteristics in
elevation and azilmuth were determined independently by introducing a
square pulse voltage (approximately 1.3 second) into the circult at v,
and vg, respectively. Simllar tests were later conducted in flight and
the flight response characteristics and gailn levels which produced the
best tracking results for each stabilization loop are shown in table I.
For convenlence, only the pltching—velocity response for the elevation
channel and the yawlng—velocity response for the azimuth channel are
shown. Good correlation between flight and simulator results was achleved.

In order to obtain satisfactory tracking performsnce, & and ¥ should
resch constant steady values 1in the shortest possible time with no appre—
clable overshoot. Hence, the responses q end r should follow the
shape of the square pulse inputs. On this basis 1t appears that for the
elevetion channel, stabilization loop (c)} which has pitching—velocity feed—
back will give satisfactory tracking. Pitch-angle feedback (stabilization
loop (a)) does not provide sufficient demping end will produce steady—

state errors when tracking a target in steady climbing or diving flight.

e -
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Normal accelerstion feedback (stabllization loop (d)) appears to be only
marginally acceptable in the absence of ghaping networks.

In the azimuth channel, the use of a rolling—velocity signal alone
(stabilization loop (a)}) 1s unsatisfactory because, in correcting an
initial tracking error, maximum bank angle and meximm turning rate are
reached as the error approaches zero. Bank—engle feedback (stabilization
loop (b)) appears to be satisfactory; however, the additlion of a roll—
rete signal, as in stabilization loop (c), greatly improved the stability
of the system.

Table I also indicates that when the roll—-angle signal (&zimuth
stabilization loop (¢} is replaced by a yaw—rate signal (loop (d)) the
response becomes less stable. If the sideslip remains at zero during a
turning meneuver the yaw rate r can be expressed as (g sin CP)/V‘ or
g®/V if the bank angle is not too large (see page 23). Thus, it appears
that identicael results should be obtained with elther ¢ or r =f£eedback,
provided equlvalent gains are used. The difference shown in teble T
1s due primerily to the fact that it was not possible to operate the sys—
tem with the yaw—rate feedback galn high enough to make the two networks
equivalent ( [8A/r| should be 570 for equivalence with [SA/®} = 1.0).
Furthermore, any sldeslip developed during the initial portion of the
maneuver would Influence r %o a greater extent than @. The high gain
levels required in azimith stabillization loop (d) produced unstable ten—
dencles which were undeslrasble for these preliminary fllght tests.

The turn coordination channel, which controls the rudder to maintain
sideslip angles near zero, was developed on the simulstor concurrently
with the azimith chennel tests. Pulse disturbances, corresponding to
ve in figure 5(b), were introduced into the azimuth chennel and the
various rudder parasmeter galns were adjusted to give optimum coordination.
As shown in figure 5(b), signals proportional to yawing velocity, side—
slip angle, and rolling veloclty were fed to the rudder to attaln the
desired turn coordination. Subsequent £flight tests indlcated better turn
coordination under automatic control then was realized under menusl con—
trol in similsr maneuvers. This turn coordinstion network was used in all
Plight tests under automatic control, although flight resulte indlcated
that the test vehlcle was not particularly sensitive to certain circuit
parameter changes (for example, the rolling-velocity feedback signal
could be omitted without serious deleterious effects).

Preliminary tracking studies.— Preliminery flight tracking studies
against nonmaneuvering end meneuvering targets were conducted with the
simple error—signal command system and with the stabilization networks
Just discussed. Tracklng runs, at a pressure altitude of 10,000 feet
and at an alrspeed of 180 knots, were made esgainst nonmaneuvering targets
starting from a tall chase with a 100—mil initlal step "lock—on" error
below or to the right of the target In elevation and ezimuth, respectively.

QSRFIDERTTAL,
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TPhese flight tracklng studies indicated that the best tracklng in
elevation would be reallzed with a loop incorporating elevation stebili—
zation loop (c) (pltching—velocity feedback). The best azimuth—tracking
for these preliminary studies was obtained with the azimuth—staebllization
loop (c¢) (roll angle and rolling—velocity feedback). Time histories of
these tracking results are shown in figure 6 compared with similar track—
ing results obtained umder manual control by an experienced pillot® (the

small random errors in both modes of control have been falred for clarity).

This comparison offers & convenlent basls for critlcally assesslng the
automatic tracking performence with the simpllfied syetem and for high—
lighting deficiencles requlrlng further study and system lmprovements.

In all cases, the time requlred to reduce and maintein the initial track-
Ing error within 25 mlls was greater under automatlc control. This Is
particularly noticeable in azimuth error where the time to reduce the
error 1ls in excess of 32 seconds.

It was noted that azlimuth tracking with tight roll stabllization,
loop (c), was not as good as when the moderately stabilized loop (d) was
used, primarily because tight roll stabilizatlon restricted the bank—to—
turn airplane in roll and hence reduced 1ts ability to correct azimmath
errors rapidly. However, azimuth stabilizetion loop (d) wae not selected
for further study at this time because of undesirable stability charac—
teristics as previously mentlioned.

The tracking performence of the automatlically controlled airplane
with the simple command system was also Investigated against a maneuver—
ing target where the target executed a sudden breskaway turn. The best
results were obtained with elevation stabilization loop (c) and with the
azimuth stebilization loop (c) shown in table I. In a steady 2 g target
maneuver, large steady—state errors, of the order of 120 mils in azimuth
and 40 mils in elevation, bullt up within 6 seconds after the maneuver
was initisted. These errors were off scale on the data cameras and hence
8 time history of this maneuver cannot be presented. In these maneuvers,
the autometically controlled alrplane was well stabillized and the track—
ing was smooth; however, it was evident that system modificatlions would
be required to eliminate this type of error in steady turns.

Auvtometic Control With en Improved Commend System

The preliminary flight tests of the automatic control system with a
gimple commend loop showed that the tracking performance was seriously
limited by the inabllity to reduce azimuth errors rapidly and by the
inability to track steady maneuvering targets without steady—state errors.

1 The manual—control data presented In this report were obtained by
Mr. Rudolph D. Van Dyke, Jr., pllot A of reference 9.

el
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It appeared that these limitations could be corrected by the addition of
suitable networks between the command circuit and the stabilizatlon loop
(for convenience, such signal-modifying networks will be considered here—
after as part of the command circuit). Improvements of this type could
best be developed on a simulstor; a Reeves Electronic Analog Computer with
sufficient capacity to permit an adequate simulation of the desired man—
euvers was available for this purpose.

Initisl REAC simulation.— The details of the REAC Investigation and
the development of the associsted equations are glven in Appendix A, key
points of which are included in the following discussion. A block diagram
of the system similated on the REAC is shown in figure 7. For the purpose
of this simulation, it was necessary to meke the followilng assumptions:

1. perfect turn coordination (B = 0)

2, perfect tracking (€ = A) _

3. second—order rate—lLimited servo system

b, second—order &irplane response in pitch

5. first—order airplane response in roll (megligible roll—yaw
coupling and negligible roll due to rudder)

It was also necessary to glve careful conslderation to the similation of
the problem kinemstic parameters such as range, relative wvelocitles,
inclination of the interceptor gun line, and the rotation and translation
of the interceptor with respect to the btarget during maneuvers. The
effects of range and the favorable effect, on the tracking performance,
‘of & 5° inclination of the interceptor gun line are discussed in some
detail In Appendix A.

In order to insure & valid starting point for the REAC synthesis
of circult improvements, the optimum simplified automatic control system
(elevation stabilization loop (c), azlmuth loop (c), and simple command
circuit) was simulated and REAC results were compared with the corre—
sponding flight results to establish the validity of the stabilizatlion—
loop simulation (fig. 8) and the treacking—loop simulation (fig. 9). The
small discrepancies are within the repeatability of flight runs with the
same parameter adJjustments and are due primarily to small nonuniformities
in the operation of the radar simuletor and minor differences in range,
airspeed, etc., between £light and the REAC.

Developm of th O comma. twork.— Following the estab—
Iishment of & velid simulation of the system containing the simple command
circult, attention was turned toward utilizing the REAC for studying means
of overcoming the mejor deflciencies demonstrated in the Initisl flight
tests. First, consideration was given to means of minimizing the time
(see fig. 9) for the automatically controlled interceptor to reduce ini-—
t1al 100—-mil azimuth tracking errors to a reasonsbly low value (say £5
mils). The date in figure 9 represent the best compromise azimuth track—
ing performance with & Llnear commend—signal gain. Increasing this linear
gain was found to glve superior tracking for small errors at the exzpense

CERITPNTED:
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of excesslvely large overshoots in the initial maneuver (due to rate-
limiting of the ailleron servo system), with a net increase in the time
required to reduce the original error. Likewise, lowering the linesr galn
reduced the initial overshoots but provided inadequate control for small
errors. Hence, it appeared that some form of nonlinesr gain in the azimuth
command cilrcuit (high gain for small errors, low gain for large errors)
could be used to advantage to permit & more rapid reduction of both large
and small azimuth errors.

Several types of nonlinearities were studled on the REAC. The most
promising nonlinearity is shown in figure 10. A significant lmprovement
in tracking performance was predicted on the REAC when thls nonlinear com-
mand network was used (fig. 11). The corresponding aileron control motions
are also shown in figure 11. The large early reversal of the alleron
angles, needed to prevent large initial overshoot, results from the use of
high gains for azimuth tracking errors less than 1/2° (8.7 mils).

A nonlinear galn device which approximated the characteristics
selected from the REAC study was installed in the airplane and success-
fully flight tested. The nonlinearity predicted on the REAC was modified
as shown in figure 10 to prévent severe twitching of the allerons at the
break polnt. Quantitative comparison of REAC and Plight tracking perform-
ance with this and other system improvements will be discussed later.
Additional exsmples of the use of the nonlinearities are given in refer-
ence 10.

Development of Integrating networks for eliminating steady-state
errors.- The preliminary flight tests with the simple command circuit
also indicated that large steady-state errors would occur when the inter-
ceptor attempted to track a target in a steady turn. The dlagram below

Servo Airplane
G G

‘ e Jeli|®lk]V
9.4 -~ 2.33 s
1+.049s +.0024s° | +.183s |
[
K !
P |
|
K |
¢ |

______________________ -
4 KG,G,
Vo s[(1+ KpG6,6,)s +KyGG,)
Sketch (b)
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represents the azimuth channel of this system, with the assumption that
for small bank angles, ¥ = Kp where K = g/V. This system, with its

l/s term in the open-loop transfer function, will produce a steady-state
error when subjected to a constant velocity input since a finite walue of
the error voltage vy must exist if the bank angle ¢ required for the
turn is to be maintalned (see, e.g., pP. 208 of ref. 11). The addition
of a properly designed integrating network (essentially integrating the
azimuth error signal) as shown in the diagram below changes the transfer
function as follows:

N _ KG:G=(Kv + s)
Ya  s2[{1 + KpGiGz2)s + KpGiGal
Integrating )
network Servo Airplane
Line of K Ve 3a plilelkly
LR oloe s o0 Ge ssh
Stytil -T -8 - )
l |
l -, '.\j_ I
| 5 Kp I
< |
I [
I qu |
I [

Sketch (c)

This open—loop transfer function has a l/ s cheracteristic term and
does not require & constant error voltage vy to maintain the bank
angle ¢ in the steady turn maneuver. A short—term transition error
will exist when the maneuver iz initiated but will be reduced at a rate
dependent upon the gains in the system. A similar anslysis can be
applied to the elevation channel.

REAC studies were conducted to determine the optim‘im gains, Ky, and
Kvg (fig. T), of the integrating networks. The improvement in the pre—
dicted tracking performance 1In response to an 8° per second turning com—
mand associated with the addition of the integrating networks is illus—
trated in flgure 12.

The integrating networks Ffor both the azimuth and slevation channels
were mechanlzed by means of electronic clrcults, installed in the test
airplane, and were successfully flight tested at the gasin levels indicated
by the REAC studies. Comparison of the predicted and measured effects of

GRESTENTT AR
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the integrating networks on the transient tracking performsnce 1s included
In the next section.

viously used with the simple command system were conducted in flight and
were slmulated on the REAC using the lmproved autometic control system
which consisted of the azimuth and elevatlon stabilization loops (c) of
teble I modified by both the nonlineasr and Integrating networks in azimuth
and an integrating network in elevation as Just described.

The tracking performence, with this Iimproved sutomatic control syetem,
during a lock—on maneuver aegalnst a nonmsneuvering terget is ehown in
figure 13. Although the integrating network reduced the predlcted large
fevorable effect (shown in fig. 11) of the nonlinear gain on the transient
azlmith tracking performance, it is reedily seen that the comblned modi—
ficatione still geve a merked improvement over the simple—commend—system
performance shown In figure 9. The time to reduce the azimuth error to
within £5 mils has been reduced from a time in excess of 32 seconds (fig.
9) to epproximately 7 seconds (fig. 13). No material change in perform—
ance was experlenced in the elevation chemnel. Again, the correlation
between the flight and REAC dasta 1s considered excellent.

Next, the tracking performance of this improved automstlic control
system ageinst maneuvering targets wes checked in flight. No quantita—
tive comparison can be made between these flight—test results and the
REAC studies shown in flgure 12 because the step turning command input
used on the REAC does not simulate the Initial transient conditlons which
occur when the target alrplane initlates the turn. However, the time
history of & typical flight run (fig. 14) shows that, as might be pre—
dicted from figure 12, the Integrating networks successfully eliminated
the steady—state errors in the steady turn (ebout 2 g in this example)
but that a large azlmuth error occurred 1n the turn—entry transition
region. '

The lengthy Interval of large azimuth transition error might be as—
cribed, in part, to the tight roll—stabilliazatlon characteristics of the
roll—-engle and roll—-rate stabilizaetion loop and in part to the lack of
target benk-angle signsls, which are used by a human pilot to antlcipate
target evasive turns. This latter dlffilculty is inherent in known target
seekers, and it was appsrent that any system lmprovements must come from
changes 1n the azimuth roll-stabilization loop. Preliminary flight studies
indicated that azlmuth stabllization loop (d) (table I) permitted a more
rapid reductlon of a large initial azimuth error than stabilization loop
(c). However, as previously indicated, loop (d) was inltially considered
less desglrsble from the over-all flight standpoint because of unstable
tendencies due to low damping characterigtics and the high gain levels
required.
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In an effort to improve the transltion—region tracking performance,
azimuith stabilization loop (c) was replaced with stabilization loop (d).
A comparison of the flight azimuth tracking performance in the transition
region is shown in figure 15 for both stabilization loops (c¢) and (4)
and for a typical menuaslly controlled maneuver. It is seen that, com—
pared to loop (c), the more loosely stebilized loop (d) reduced several-—
fold the errors in the period immediastely following inftistion of the
target evasive turn; slthough still somewhat larger than when under manual
control, the errors with loop (d) were at least of the same order of mag-—
nitude. The over—all itracking performance as measured 1n the lock—on
meneuver with a 100-mil initisl error, in steady straight flight and in
steady turning flight, was not materielly affected by the use of azimuth
stebilizaetion loop (d).

In view of the sbove results, azimuth stabilization loop (d) of
table T was used 1in all succeeding analytical and flight studies. The
assoclated complete automatic control system, representing the optimum
compromise for the various tracking problems conslidered, is surmarized
in block—disgram form in figure 16. Pertinent transfer functione for the
servos and airframe, for the azimuth nonlinear gain, for the Integrating
networks, and for the feedback gains have been given In figures 5, 10, and
12, and teble I, respectively.

to proceeding with a more complete evaluation of the automstic control
system shown in figure 16, it was desirable to exsmine briefly the effects
of combined azimuth and elevation errors at the time of lock—on, since,

as indicated In the diasgrams below, there are target—interceptor situas—
tions which may cause tracking instabllitles in the attacking sirplane.

€
€q e € ,69
i
&Y
M (2) (3)
Sketch (d)

OOREIIIETTRY
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These diagrams show three tracking situations where the target has the
same azimith error €y but different elevation errors €g. When the
target 1s sbove the interceptor as in diagram (1), or when there is no
elevation error as in dlagrem (2), banking the interceptor toward the
target tends to reduce the error ;. However, when the target 1s below
the interceptor, as in diagram (3), it is apparent that the banking of the
interceptor to correct the azimuth error €g 1nltislly increases thils
error. This destebilizing effect becomes acute as the target approaches

a position directly under the Ilnterceptor gum line.

These effects were initislly studled on the RKEAC and the results
are shown in figure 17. These data represent the path of a projection
of the interceptor gun line on a plane through the target, perpendicular
to the iInltlal interceptor gun line. These REAC data indicate that this
interceptor willl not experlence the unstable condltions shown above In
diagram (3) because, as shown in figure 1T{c), the interceptor pitched
so rapidly at lock—on that the relative posltlon of the target wees changed
from below the interceptor to gbove the interceptor where the instabili—
tles did not exist. For example, at epproximately 0.7 second after lock-
on {fig. 17(c)) the initial pitch error had been wiped out oand yet the
bank angle had only reached the relatively low value of 10° s Wwhich was
too small to cause any sizsble unsteble tendency. Also, as shown in
figure 17(a)}, the interceptor overshot the target by approximately 100
mils in less than 2 seconds so that its posltion, relatiwe to the target,
was similar to that shogn in figure 17(c). In this case, however, the
bank angle was sbout 40 (at 1t = 2 seconds) and the apparent elevation )
error €g was almost zero; thus the tendency toward instability had no j’
effect. The high ratlio of pltch response to roll response is reflected
also in the data shown previously in figures 6, 9, and 13.

Simller flight maneuvers confirmed these REAC results. However,
these maneuvers exceeded the photographic range of the tracking cameras
end hence flight time histories of these maneuvers are not avallable.

Evalustion of the Automatic Control System
in Typical Final Attack Maneuvers

Previous sections of thls report have been devoted to flight and
analytical studlies of various stabilization loops and command networks
for use in an automatically controlled interceptor. From these studies
of segments of the total Interceptor guldance problem, a more or less
optimum automatic control system was developed (fig. 16) which produced
the best tracking performance for all of the attack situations considered.
It 1is of interest to evaluate further the tracking performance of this
selected automatic control system in a more comprehensive series of flight
tests which impose a wider variety of Interceptor motions representative
of those that might be encountered with a tactical interceptor, end to .

CONTIENLTAS
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compare quantitatively and statistically the tracking performsnce of the
automatically controlied interceptor (and the radar simulstor) with the
tracking performance of the manuslly piloted airplsne.

The flight—test maneuvers used in this evalustlon were the Ames
standard gunnery run {[ASG runs), shown in figure 18(a) and described
in detail in reference 9, and a 90 beam attack shown in figure 18(b).
These maneuvers provided target—interceptor motlons comparsble to most
phases of an aubtomatic attack requiring precise roll, pitch, and yaw
control. The ASG run may be recognized as & composite of the test
maneuvers used in the prelliminary studies.

Comparison of lar 2! i
and menusl control.— Ty'pica.l time historles of the gun—line wander dur—
Ing automatically controlled ASG runs and 90 beam attacks are compared
in figures 19 and 20, respectively, with similar time histories obtained
under normsal manusl control. It is seen that in all cases the tracking
was smoother and more precise under automatic control, except during the
brief lock—on snd transition periods.

The gun—line wander 1n a series of 900 beam attacks and in the
straight—flight and steady—turn portions of a number of ASG runs was
anslyzed stetisticaliy. TIn all cases, bias errors were very small for
both automatlic and manual control. Analysls of over 20,000 data points
showed that the tracking error distribution was approximately Gsusslan.
The aversge standard deviations of the gun—line wander during the selected
portions of the test maneuvers are shown in the following table.

Aversge standerd deviation of the gun—line
tracking error, ¢, mils
Target maneuver |AutomaticiManual
Azimuth
Nonmaneuvering 1.1 2.1
Maneuvering
St%ndard gunnery run 1.5 2.9
90 beam attack 1.5 2.7
Elevation
Nonmaneuvering 1.1 2.2
Maneuvering
Stgndard gunnery run 2.9 3.2
90 beam attack 2.9 3.1

E’TDoes not include initial transient.

It is seen in the table above that although the standard deviations of
the tracking errors under manusl control were smsll, in gll cases they
were even smaller under aubomatic control. The practical importance
of such numerically smsll improvements in tracking sccuracy due to

WMNFELDENTTATY,
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sutomatic control would depend on such factors as the particular arma—
ment, tectlcal situation, and fire-—control system under conslderation.

The initiasl portions of the test maneuvers and the transition region
of the ASG runs are of a transient nature that did not appear amenable to
any useful statistical analysis. Information regarding the length of the
translsnt region and the magnitude and nature of the tracking errore 1s,
of course, conteined In the tracking—error time histories shown in fig—
ures 19 and 20. Although the transient errors under automatic control
were in general lsrger than under manual control, the differences were
not considered excessive in view of the unavoldable loss of useful target
bank—angle Information mentioned previously.

simylator.— A statistical evaluation of the tracking performance of the
optical radar similator during the test maneuvers is of interest because
thls device has a marked influence on the over—sll itracklng performance
of the automatically controlled sirplane. Typlcal time historles of the
optical tracking with the menually operated radar silmulator during test
maneuvers with the automatic control system shown in figure 16 are given
in figure 21. The small step—like discontinuities shown on these time
histories are primarily the result of aileron twitching (at the bresk
points of the azimuth nonlineer gein), target wake effecte (in the tran—
sition region and in twrning flight), and the characteristic stepwise
motions of the sight operated in elevation (due to hilgh breakout forces).

The average standard deviation of the line—of—sight error (radial)
for all of the test maneuvers was less than 1 mil.2® For comparisocn,
the average standard deviation of the radial gun—line error when under
manual control was approximstely three mils against nonmaneuvering targets.
The high quality of the tracking performsnce with the optical radar
gimilator is assoclgted with the superior dynamic response characteristices
of the small mechanlcal device as compared with that of the airplane and
its combrol. system. Thus, the optical sighting station spproximated the
action of a noise—free, lag—free radar, so that (as desired for the pres—
ent study) airplene tracking errors arising from erroneous target infor—
metlon were. very small. Even with much less stable airplasne-sutopilot
conditions, such as azimth stebilizetion loop (a) in table I, the track—
ing performance of the line of sight was very good.

The excellent tracking performance ettained with this manually
operated optical device suggests that tracking equipment, based on thils
principle, might prove useful in the design of dlrector—type flre control
systems.

2The operation of the optical radar simulator in flight, the precise
control of which contributed so much to the success of this project, was
accomplished by Mr. Donovan R. Heinle, pilot C of reference 9.

Lo e
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CORCLUSIONS

Flight and analog computer studles of the final-attack phase of an
automatically controlled lnterception are described in this report. The
flight tests were made In a low—speed propeller—driven sirplsne with a
simulated nolse—free radasr. Pure pursuit tracking runs with a number of
initial attack situations were used as g basis for testing various types
of airplene stebilization and command loops. Due to numerous differences
in attack problems, airplene and component performsnce, and system com—
plexity between this test equipment and present and projected automatic
Interceptors, the following concluslons based on the methods and results
of the present study alone cannot be spplied indiscriminately to the
synthesis of high performance systems; the extent to which they are appli-—
cable will depend on the individual situation.

1. Of the varlous control systems investigated, the one giving the
most favoraeble tracking characteristics for the different test maneuvers
incorporated pitch—rate stgbilization in the elevation channel and roll
rate and yaw rate In the azimuth channel.

2. The use of integrating networks in both channels was found to
be a satisfactory means for eliminating the steady-state errors normally
associated with the tracking of a steadily maneuvering target without
necessitating the use of increased system geln levels, a point of general
interest 1n system design.

3. Poor yaw response assoclated with aileron servo rate limiting
was significantly improved through the use of a nonlinear gain in the
azimith channel. A device of this type provides a fast and stable
response with a relatively low—powered rate—limited servo and hence may
have many possible applications.

4. An automatic rudder turn—coordination system, designed on the
basls of analog—computer studies was used successfully in all flight
tests to maintain sideslip sngles near zero.

5. The adequacy of the simulation procedures employed in the analog—
computer studies of this investigation was verifled by the subsequent
£flight tests.

6. Analog—computer studles showed a strong favorable effect on air—
plane tracking performance of the 5 gun—line inclination employed in the
test alrplane to avold the wake of the target.

T. With the selected automatic control system, tracking of alrborne
targets was generally smoother and more precise then manually controlled
tracking. For example, in steady straight tail—chase runs, the standard
deviations of the gun—line wander in azimuth and elevation under automatic
control were about one mil and under menusl control sbout two mils.
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Although somewhat larger errors were experlenced In transient conditions
under automatic control than under manual control, they were not comsid—
ered excesslve. Bias errors were always very small under either mode of
control.

8. The average radiasl standard deviation of the tracking—line wander
of the manually operated optical sighting device used to simulate a noise-—
free radar weas less than 1 mil. This excellent tracking performance
with the movable optical sighting device may be of interest in connection
with the design of director-type fire-control systems. .

Ames Aeronautical Leboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Oct. 1k, 195k
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APPENDIX A

SIMUTATION COF AUTOMATIC INTERCEPTOR PROBLEM
ON THE ANATOG COMPUTLER

The Reeves Electronic Analog Computer was used to similete the
automatically controlled interceptor described in this report. This
slmilstion included the geometric loops involved in tracking of a non—
meneuvering terget with initisl lock—on errors in azimmth and elevation.
The block diagram of the complete network shown In figure 7 1s based on
the following assumptions:

1. There is a perfect rudder channel maintaining zero sideslip at
all times.

2. The roll-angle response of the airplane is defined by the trans—
fer function

o __ 187
Sy s(s + 5.48)

This single—degree—of—freedom representation neglects roll due to yaw,
and for the condition of zero sideslip the yawlng velocity may be
expressed as r = (g/V) sin P.

3. The ailrplane pitching—velacity response may be represented by
the second—order transfer fumction

g _ —19.5(1 + 0.758)

B 82 + 3.728 + 1.0

which is of the form ordinarily obtained when chenges in forward speed
are neglected.

L. The elevator and alleron servos can be represented as second—
order systems with control rate limiting.

5. The human sight operator tracks the target perfectly, that is, has
a wnity transfer function (€ = A).

6. The dilstance between target and interceptor remains constant dur—

ing a tracking run.

In figure 7, the initial lock—on errors ey, ana €g, (with respect
to horizontal and vertical space axes) are programmed et the left as
step inputs. The error signals €y and €g mist then be resolved Into
the airplane coordinate system to produce the tracking errors e€g and €g.
In general, when the reference axls of the sight is coincident with the

SPEFTORNTTL
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roll axis of the sirplene and when the angular displascements sre small,
the resolution can be accomplished as shown in the sketch below:

¢

Sight axis-/ €a

Sketch (e)

where '
€g = €g cOS8 qJ+€q,sian
€a = €y cos P—¢€g sin @

In the SB2C-H airplane, however, the sight axls was inclined upward
from the roll axis by an angle 17 of approximately 5 . The following
sketch 1llustrates the correct resolution in this case:

Sight axis —

1
n ¢ €,
1 -<— Roll axis

Sketch (f)

Here g, and €5 may be expressed as

€g = €y 8in P + (€g + ) cos @ —q

€a = €y cos ¢ — (eg + 1) sin @

This is the resolution shown in figure 7 (Resolver Fo. 1l).
RPN
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By comperling the two preceding sketches, it can be seen that with =&
positive angle 17 +there is & reduction In €a as the sirplane rolls.

This megns thet smaller bank angles are regulred to el 1'm'|'nn+n a oiven
L1015 SIme L. ang.l egu =1mMInaT gL

azimuth error; thus, as indicated in reference 12, the offset gun line
appears to be a stabilizing influence. This contention was verified
with the analog computer where tracking rums with 100—mll initial azimuth
errors were Simulsted with wvarious values of gun—line incl:.nat(:).on, -
Figure 22 shows the results for 7 = = 0° and = 5 . At 7 0, the
response.is only marginally stable. This response could be made satis—
factory only by reducing the gain for the ophbical radar simnlator. As
shown in figure 22, the tracking with the gun axis inclimned 5 nose up
(with respect to the fuselage datum line) was much superior to tracking
with the gun line parallel to the fuselage datum line.

Returning to figure 7, the resclved error signals &g and €5 are
then modified by the sight gains K)o and Kj ., are further modified by
the integrating networks, and then are fed to the proper servos. It can

be seen that the inner stabilizing loops are the same as used in the alr—
plaene except that the rudder channel has been omitted. With the assump—
tlon of zero sideslip and small pitch angles, the airplane turning rate

r can be expressed as a simple function of the bank angle @ as shown
in the following acceleration dilagram:

Sketch (g)

The accelerations Ay, and g are sdded vectorially to give the
resultant AR which may be resolved into the components Vr and V7,
normal and parallel, respectively, to Ay. TFrom the sketch it can be
seen that Vr = g gin ®. This expression eliminates the necessity of
knowing the airplsne yaw responses for alleron and rudder defleciioms.

The airplsne responses ¢ and r must then be resolved to obtaln
the rates 6 and ¥ with respect to space asxes. Since gq =% + & the
proper resolution (Resolver No. 2) is 1llustrated in the following
gketch.

S gl
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Y

Sketch (h)

8 =qcos P—r sin P
' g sin @ + r cos ¢ (when, as in the present
case, 6 1 always small)

These quantities are then Integrated to give the angles turned through
by the attacker.

To complete the geometric representation of the tracking maneuver,
the translation of the attacker normal to the flight path must also be
considered. The following sketch illustrates the lateral translation;
a similar case exlste in pitch.

e

P
ew ’_’—_’
e

- -—

—1'

b

R

Sketch (1)

APter time t the attacker has turned through an angle ¥ and moved
laterally a dlstance h, so that the tracking error heaes been reduced

from ey to €. With the assumption of small error angles and a
constant range R, €y may be expressed as

H—~h
R

€*= —-‘*’
Ny oo
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or

€y =€y, —2—¥
o — R

+

The displacement h 1is approximately equal to V L ¥ dt. Thus
¥ Vftqr
€ = € —_ —_— at
¥ Yo R o

The egpression for h 1s based on the assumption that (in addition to
B=0) & remeins small compared to q during the tracking maneuver, so
that ¥ 1s approximately equal to q. In other words, the change in
interceptor flight path is assumed to be the same a&s the change in
attitude.

The range as 1t appears in the preceding equation haes a marked
1nfluence on the performance of the Interceptor while tracking after an
initisl lock-on error. In figure 23 sre responses from the snalog com—
puter for a range of 600 feet and for an infinite range. This figure
shows that as the range 1s reduced the problem becomes more severe and
the response would tend to become unstable st very short ranges.
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TABIE I.— AIRPTANE RESPONSE CHARACTERISTICS WITH VARIOUS STABIT.IZATION
1OOPS AS MEASURED IN FLIGHT AT 180 KNOTS, 10,000 FEET.
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Figure l.— Three—querter view of test imterceptor In flight,
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Figure 2.~ Optical radasr similator 1n reer cockplt of test Interceptor.

GAMRERRNIIETY



NACA RM ASLJI1L QENPIDENRTINL y 31

100 [mils

Pip diameter
2 mils

{a) Gun line.

140 mils

Pip diameter
2 mils

(b) Sight tracking line.

Figure 3.~ Tracking errors as messured with 16~mm GSAP camersas.
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Stabilization loop

——Command circuit —
Noise Inputs
| til |
Gun ,line
Radar Attack v sl . -0
R K computer Servo Airplane |
networ network I
|
I o e |
! Stabilization I
feedback |
- - - - - I
|
-, — 1 kinematic } |
feedback
(a) Simplified representative automatic control system.
~-Command circuit - Stabilization loop
|
Optical b e 5 _G_ﬂ'_l'_%
radar Servo Airplane |
simulator I
| | |
1 Stabilization i
feedback :
- - - - |
________ Kinematic | |
feedback Y g

(b) Simplified SB2C-5 automatic control system.

Figure h.— Block disgrams of simplified automatic imterceptor control
systems.
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(b) Azimuth and turn coordination channels.

Pigure 5.— Block dlsgram of automatic control system as studied on the
high—speed elsctronic similator,
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simple command system
— — —— Manual control
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Figure 6.— Comparison of the tracking performence under autometilc
control and manual control during a lock—on maneuver.
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(a) Elevation stabilization loop (c), table L.

Figure 8.~ Comparison of interceptor response to a known Input as
measured in flight and as determined from REAC studies.
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Flgure 8.— Concluded,
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Figure 1l.— Comparison of tracking performance with linear and nonlinear
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tion loops and the improved command system.
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Figure 17.— Effect of conbined inltial azimuth and elevastion errors on
the tracking performance of the automstlc Interceptor as determined

from REAC studies.
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Figure 18.— Plan views of test maneuvers used in this investigation.
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Figure 19.~ Comparisom of typleal tracking performances under automstlc control and menusl

control in Ames gtapdard gumnery rums.
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Figure 20.— Comparison of gun—line wander in a typical 90° beem attack
under sutometlic control and under mesnual control.
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Figure 21.— Typical line-of—sight tracking errors of the similated radar during an Ames stanjard
gumery run and a 90° beam mttack imder automatic control.
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Figure 21.— Concluded
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Figure 22.— Effect of inclination of the gun line ahove the fuselege datum line on the azimuth

tracking performance after lock-on on a nonmaneuvering target from & 100-mil initial error
s deterwined from REAC studies.
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Figure 23.— Effect of range on the azimith trecking performemce after lock—on from s 10C-mil
inltial error on & nonmensuverlng target ms determined from REAC studies.
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